To facilitate genetic studies of Escherichia coli, we constructed a complete set of mobile plasmid clones of intact open reading frames (ORFs). Their expression is strictly controlled by P tac /lacI q . The plasmids carrying each ORF were introduced into an F + recA strain and stored in 96-well microtiter plates. In this way, 96 clones can be transferred simultaneously to F − bacteria using the conjugative system. This provides a convenient procedure for systematic identification of ORFs that suppress or complement mutations. We created two types of clone sets: the original set contained individual clones in 45 microtiter plates, and a second set contained pools of 48 clones stored in a single microtiter plate. Using these clone sets, we have identified 403 genes that can correct in trans the temperature-sensitive defect of cell division mutants, which would suggest multiple global regulators for bacterial cell division.
Escherichia coli is an important model organism that can be used to analyze global regulatory events associated with cell growth, cell division, and cellular signaling pathways. There are approximately 4300 open reading frames (ORFs) predicted in the E. coli genome, 1 and the functions of more than 30% of them remain unknown. We believe the majority of these unknown genes are involved in coordinating cell proliferation. During the cell cycle of E. coli, several fundamental events, such as DNA replication, cell mass increase, membrane synthesis, and cell division, take place according to a strictly regulated timetable. The cell must therefore have specific mechanisms coordinating each event in the cell cycle that are based on distinct intracellular reactions.
2-3 Systematic isolation and analysis of mutant strains of all ORFs can be carried out to clarify these mechanisms. For these reasons, we here have constructed a complete set of mobile plasmid clones that can be transferred from F + to F − strains using the F-mediated conjugation system. This provides a convenient screening procedure for the sysCommunicated by Michio Oishi * To whom correspondence should be addressed. Tel. +81-559-81-6827, Fax. +81-559-81-6826, E-mail: anishimu@lab.nig.ac. jp tematic identification of mutants. Clarke and Carbon [4] [5] [6] first used the mobile plasmid ColE1 to construct hybrid ColE1 plasmids. The plasmids contained a random piece of E. coli chromosomal DNA that was mechanically sheared to an average size of 14 kb and inserted into the EcoRI site of ColE1 DNA by the AT tailing method. In the current studies, we have constructed two plasmid vectors derived from ColE1 and cloned all of the E. coli ORFs under an isopropyl-1-thio-β-D-galactoside (IPTG)-inducible promoter. We have cloned all of respective ORFs into this plasmid. By using these clones, we identified a comprehensive set of cell division genes. The vector for mobile plasmid clones was constructed as described in Fig. 1 , and the resulting pNT3 carries the following genes and sequences; (i) bom, rom, and mob of ColE1, which enable the plasmid to transfer from F + to F − by F-mediated conjugation; [7] [8] (ii) P tac /lacI q , which enables control of the expression of the cloned ORF by IPTG; (iii) the ColE1 replication origins, ori and pri, to maintain a low plasmid copy number in the cell under normal growth condition; (iv) the ampicillin resistance gene, bla, for selection; (v) the unique multi-cloning site of pJF118HE;
10 (vi) universal primer recognition sites −21M13 and SP6 for confirmation of the cloned ORF by sequencing; and (vii) rrnB with a transcription terminator which prevents read-through.
Since replication of the plasmid in vivo does not require protein synthesis, 9 the plasmid can be enriched during inhibition of protein synthesis which leads to inhibition of chromosomal replication without blocking plasmid replication. To clone an ORF with its native SD into pNT3, we amplified the predicted ORF along with 20 bp of the upstream region by PCR using primer sets designed to contain the appropriate restriction sites. With this procedure, native products should be produced even if fragments longer than necessary are cloned. In this way, we cloned 779 ORFs.
Since cloning ORFs into pNT3 is costly, we decided to use the E. coli Archive clones constructed by Mori et al. whose ORFs are cloned with gfp-and 6xhis-tag between two Sfi I endonuclease recognition sites (http://ecoli.aist-nara.ac.jp/). To be able to transfer ORFs from the Archive clones, it was necessary to construct a new ColE1-derivative plasmid, pNTR-SD. To construct pNTR-SD, a PCR product, which encodes a typical Shine-Dalgarno (SD) sequence, a start codon, and cat (chloramphenicol resistance) flanked by the Sfi I site was inserted into the Sma I site of pNT3 as described in Fig. 1 . To clone ORFs into pNTR-SD, the Sfi I fragments carrying each ORF were cut from Archive clones, and the 1-kbp cat fragment of pNTR-SD was replaced with the respective ORF fragment by Sfi I cloning. Thus, the expression of ORFs cloned into pNTR-SD is regulated by a typical SD sequence that is encoded on the vector. The Sfi I cloning resulted in the addition of three amino acids, Met-Arg-Ala, to the N-terminus, and two amino acids, Gly-Leu, to the C-terminus of the ORF product of pNTR-SD (ORF). In this way, we cloned 3025 ORFs into pNTR-SD.
Since the American and Japanese databases (sequence data for the MG1655 genome released from University of Wisconsin, http://www.genome.wisc.edu/, and A 7459 bp Pst I fragment of ColEI::Ω blunt-ended by treatment with T4 DNA polymerase and a 692-bp Aha III segment of pJF118HE 10 were ligated, yielding pNT1. pNT2 was then constructed by ligation of a 2403-bp Sca I-Nru I segment of pJF118HE and a 5870-bp EcoRI-Sca I fragment of pNT1 blunt-ended with Mung Bean Nuclease. Universal primer recognition sequences −21M13 and SP6 were added to the pNT2 by using two DNA fragments, constructing pNT3. Two synthetic DNA, 5 -AATTGATTTAGGTGACACTATAGCTGAATTCCCGGG-3 and 5 -phosphorylated-GATCCCCGGGAATTCAGCTATAGTGTCACCTAAATC-3 , were annealed to create a DNA fragment, which contained a 5 -AATT overhang at one end, an SP6 sequence, EcoRI and Sma I sites, and a 5 -phosphorylated GATC overhang at the other end.
The other DNA fragment created by annealing two synthetic DNA, 5 -phosphorylated-GATCCGTCGACCTGCAGCCAAGCTTAAACTGGCCGTCGTTTTACA-3 and 5 -AGCTATGTAAAACGACGGCCAGTTTAAGCTTGGCTGCAGGTCGACG-3 contained a 5 -AGCT overhang at one end, a −21M13 sequence, HindIII, Pst I and Sal I sites, and a 5 -phosphorylated GATC overhang at the other end. Followed by ligation using 5 -phosphorylated GATC overhangs, the two DNA fragments were inserted into the EcoRI-HindIII site of pNT2 to generate pNT3. The pNTR-SD plasmid was constructed as follows. A DNA fragment containing an SD-SfiI-start codoncat-SfiI was amplified using the forward primer, 5 -AGGAGGTGGCCATGAGGGCCAACTTTTGGCG-3 , the reverse primer, 5 -GGCCTCATAGGCCAAGCTCGAATTTCTGCC-3 , and pHSG399 16 as a template. The DNA was inserted into a Sma I site of pNT3, constructing pNTR30. Since the expression of DnaK from pNTR30 (dnaK)/∆dnaK in the presence of 1 mM IPTG was lower than that of the wild-type strain, replacement of the sequence including the SD sequence (shown as capitals), 5 -ccAGGAagc-3 , with 5 -taAGGAggt-3 was performed to enhance translation of cloned DNA. A DNA fragment amplified from pNTR30 using the forward primer, 5 -TTAGGATCCTAAGGAGGTGGCCATGA-3 , and the reverse primer, 5 -ACTATAGCTGAATTCCCGGCCTCA-3 , replaced the BamHI-EcoRI region of pNTR30, generating pNTR-SD. the W3110 genome released from Nara Institute of Science and Technology, http://ecoli.aist-nara.ac.jp/, respectively) defined frames of different lengths for 416 of the ORFs, the longer sequence for these ORFs was cloned into pNT3.
In summary, we cloned 4220 complete ORF, of which 3025 ORFs were cloned into pNTR-SD and 1195 ORFs were cloned into pNT3. Finally, these plasmid clones were used to transform JA200 (F + thr-1, leu-6, DE (trpE)5, recA, lacY, thi, gal, xyl, ara, mtl) .
To estimate the level of expression of the cloned ORF that escaped LaqI q repression, we measured the β-galactosidase activity of LacZ as described by Miller.
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The result showed that the activity of β-galactosidase in pNT3(lacZ)/JA200 under no IPTG induction was half that of JA200 (data not shown). Further, to estimate the leakage level of genes, we observed cell shape of pNTR-SD(ftsZ)/JA200, because a twofold increase in the level of FtsZ in the wild-type cell causes mini-cell formation, and more than four times overexpression of FtsZ causes filamentation.
12 Our strain harboring pNTR-SD(ftsZ) grew normally without IPTG, producing normal-sized cells (data not shown). The result suggests that there is a very low expression of ORF products due to leakage in the absence of IPTG. Thirty minutes after the addition of 50 µM IPTG there was a 1.7-fold increase in β-galactosidase in pNT3(lacZ)/JA200, indicating that the level of ORF expression in strains harboring pNT3 and pNTR-SD(ORF) is strictly regulated by P tac /lacI q . In order to simplify the screening method, we investigated the possibility of searching for positive clones from a mixed pool of unrelated clones. We first made a test stock composed of subpools of 48, 24, 12, or 6 clones within single wells of a 96-well microtiter plate. The clone names are described in Fig. 2A . A complementation test was carried out as described in Fig. 2B using ftsA (111#6), ftsI (110#2), ftsW (111#1), and ftsZ (111#7) mutants. All four mutants were complemented by the Fig. 2A . Complementation experiments were performed as follows. Each streptomycin-sensitive F + strain, pNTR-SD(ORF)/JA200 or pNT3(ORF)/JA200, was inoculated in 30 µl of L T (+) medium (1% bactotryptone (Difco Laboratories, MD, USA), 0.5% yeast extract (Difco Laboratories), 0.1% glucose, 0.5% NaCl, 40 µg/ml of thymine, and was adjusted to pH 7.0) and grown in a microtiter wells overnight at 37 • C. Simultaneously, F − fts mutant strains were grown overnight in L T (+) medium at 30 • C, and cultures were diluted 1 : 10 to 1 : 100 with fresh medium. Thirty microliters of the F − strain culture was then added to F + strain grown in wells. The microtiter plates containing these mixed cultures of F + and F − strains were incubated at the appropriate temperature for 3 to 4 h. Using a Vaccu-pett/96 TM (Bel-Art products, NJ, USA), these were spotted onto selection plates L T (−) that was the same as L T (+) but without NaCl, supplemented with 100 µg/ml of streptomycin, 20 µg/ml of ampicillin, and 0 mM (a, d, g), 0.1 mM (b, e, h), or 1 mM (c, f, i) IPTG. The ftsZ (a-c), ftsA (d-f), and ftsW (g-i) mutants were used as recipient strains. After 1 to 2 days of incubation at 41 • C, colonies were stained with methylene blue and transferred onto impression papers. Patches that yielded cell growth were defined as clones carrying the complementing plasmids.
subpools of 48, 24, 12, or 6 clones, or by a single clone (Fig. 2B ). There were fewer and smaller colonies in the ftsZ-positive patches on the 1 mM IPTG plate than on the 0.1 mM IPTG or no IPTG plates (Fig. 2Ba-c) . The results are supported by the facts that low-level expression of ftsZ (less than two times) can complement the ftsZ mutant, but high level expression of ftsZ (more than four times) causes inhibition of growth of the ftsZ mutant.
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The size of the ftsA-positive patches was the largest on the 1 mM IPTG-supplemented plate (Fig. 2B-f ) and very small on a plate without IPTG (Fig. 2B-d) . The ftsA mutants might need high-level expression of FtsA for normal growth when it is provided from plasmid-born ftsA. The results for ftsI were similar to ftsA (data not shown).
Changes in IPTG concentration did not affect the size of the ftsW-positive patches (Fig. 2B-g, h, i) . These results indicate that the 48-clone pool is effective for complementation studies if we use the three selection plates containing 0, 0.1, and 1 mM of IPTG.
Having demonstrated that we can identify the positive ORF within a mixture of 48 clones, we created two types of stock: a single microtiter plate containing pools of 48 clones in each well, and a second stock composed of 45 microtiter plates containing the individual clones. In summary, to find the clone that complements the mutant, we first identify the positive mixed pool and then determine which clone in the mixture complements the mutant.
To evaluate the ORF clone sets as a whole, we examined their ability to complement a filament-temperaturesensitive (fts) cell division mutants as described in Fig. 2B . Now a total of 339 fts strains from the Hirota thermosensitive (Ts) mutant bank, 13 which form multicellular filaments at 41
• C without immediate arrest of DNA synthesis or an increase in cell mass were tested. Each patch on the selection plates was scored as a clone carrying the complementing plasmid. Individual colonies in positive patches usually grew to a normal size; however, some patches consisted of smaller colonies. In the normal-size class, the Ts mutations usually mapped by P1-transduction at the same location as the corresponding ORF carried by the plasmid. However, sometimes this was not the case in the smaller-size colonies. For example, in the case of a well-known ftsI mutant, the recombinants of the ftsI mutant by the plasmid carrying ftsI produced normal-sized colonies but the recombinants by the plasmid carrying ygiU formed small colonies on the 1 mM IPTG plate. Therefore, the plasmid clone of those with a normal patch size generally carried the allele of the mutant gene, and those producing smaller colonies sometimes carried a high-dosage suppressor gene which could correct the Ts defect only when the gene is overexpressed from the multicopy plasmid.
As a result of the complementation test, it was found that 18% of the fts mutants were not corrected by any one of the ORF clones. The most likely explanation for this finding is that there was more than one Ts mutation in the mutants as a result of extensive mutagenesis with nitrosoguanidine. A second possible explanation is that some of the mutants are dominant negative. A third explanation is that 72% of the ORF clones, which we constructed in pNTR-SD, produce ORF products with several extra amino acids at both ends due to Sfi I cloning, and this may interfere with complementation of the Ts mutants. However, this explanation cannot be the main reason, because the complementation frequency by pNT3 was almost the same as that by pNTR-SD.
We conclude that our sets of mobile plasmid clones can be used for screening other mutant banks, even though approximately 72% of the ORF clones produce ORF products with several extra amino acids at both ends due to Sfi I cloning.
The results of the complementation experiments are summarized in Table 1 . We found that 278 fts mutants were complemented by 404 of ORF clones. Of these, 69% of the fts mutants were complemented by one ORF each. Sequence analysis of genomic DNA of 10 of these fts mutants showed that all had missense mutation in the corresponding ORF. However, 15% of the fts mutants were complemented by two ORFs, and 16% by three ORFs. These may contain the allele of the fts mutant gene and a high-dosage suppressor gene(s). Sequence analysis of five of these fts mutants showed that all five had missense mutation corresponding to one ORF and no mutation in the remaining ORF(s). Therefore, the constructed clones are valuable for identifying both types of genes.
The cog database (http://www.ncbi.nlm.nih.gov/ COG/new/) 14 was consulted for functional annotation of individual genes. From the functional annotation analysis, known cell division genes were found in only 6% of the fts mutants, while 30% were unknown, indicating that this new approach is useful for the analysis of unknown mechanisms in cell division. Of all genes identified, 24% were involved in a basic process, such as DNA replication or protein synthesis, despite the fact that the mutants involved in this category had presumably been excluded by the process of selection of the fts mutants. Nineteen percent were involved in cellular processes, such as ion transport and signal transduction; and 21% were involved in metabolism.
These results suggest that various intracellular reactions are coordinated with cell division and that the E. coli cell cycle is the result of the coordination of multiple independent processes, so that each daughter cell [Vol. 12, receives a complete copy of cell components. We are currently planning to purify these mutations in cells with wild-type background, and thoroughly analyze the hierarchy and network responses in expression of cell division genes using DNA chip technologies along with these mutants, as one of the models for post-genome analysis for global cellular regulation in E. coli.
